left ventricular hypertrophy; hypertension; heart failure; capillary density; fibrosis PATHOLOGICAL LEFT VENTRICULAR HYPERTROPHY (LVH) is a very strong predictor of cardiovascular events and heart failure (21) . Despite extensive study, the mechanisms underlying the development of cardiac hypertrophy and loss of function remain largely unknown.
Genetically modified animal models have provided important information implicating a variety of pathways in left ventricular dysfunction and heart failure. As part of a large effort to identify the genetic basis of cardiovascular disease, the National Institutes of Health Programs for Genomic Applications (PGA), Physgen, identified a unique rat strain that appeared to undergo significant progressive LVH in the absence of hypertension (17). This strain, referred to as the SS-16 BN /Mcwi, is a consomic rat in which chromosome 16 of the Brown Norway (BN) rat is introduced onto the saltsensitive Dahl (SS/Mcwi) genetic background by marker assisted breeding (13) . The BN rat is normotensive and does not exhibit any signs of inappropriate LVH. Conversely, the SS/ Mcwi rat is a model for LVH induced by systemic hypertension that eventually progresses to heart failure (18, 20, 22) .
In the PGA extensive phenotypic analysis was completed on all consomic strains (17). This screening determined that BN chromosome 16 
MATERIALS AND METHODS

Animals
Male SS/Mcwi (n ϭ 53), SS-16 BN /Mcwi (n ϭ 54), and BN/Mcwi (n ϭ 37) rats were obtained from colonies at the Medical College of Wisconsin (MCW) and housed in the MCW Biomedical Resource Center on a 12:12 h light-dark cycle. They were given a standard rat chow (Purina) containing 1% salt and water ad libitum.
All animal protocols were approved by the MCW Institutional Animal Care and Use Committee. For all procedures rats were anesthetized by an intramuscular injection of ketamine (100 mg/kg), xylazine (50 mg/kg), and acepromazine (2 mg/kg).
Echocardiography
Transthoracic echocardiography (Vivid 7, GE) was performed on anesthetized rats weekly between 7 and 18 wk of age and again at 36 wk of age. Short axis views of left ventricles were acquired midpapillary. Wall thickness was measured from the M-mode view. Fractional shortening was calculated from measurements of the chamber diameter {%FS ϭ [(dLVID Ϫ sLVID)/dLVID]*100}.
Stress Tests
Stress tests were completed on anesthetized rats by jugular vein infusion of 40 g ⅐ kg Ϫ1 ⅐ min Ϫ1 dobutamine. MAP was measured by catheterization of the carotid artery. Echocardiography and MAP recordings were made at baseline (before dobutamine infusion) and between 4 min and 4 min 30 s of dobutamine infusion. Left ventricle dimensions and function were determined by echocardiography as described above.
Pressure Volume Loops
Left ventricle pressure-volume loops were recorded using a MPVS-400 System (Millar Pressure-Volume Systems; Millar Instruments, Houston, TX). The catheter was inserted through the right carotid artery and advanced retrograde into the left ventricle. Following each experiment the pressure and volume signals were carefully calibrated as suggested by Millar (24) and others (5, 16) to correct for hematocrit and parallel conductance. Software in the Millar system was used to generate PV loops and calculate reported values, such as ejection fraction (EF) and cardiac index (CI) from the raw data. End-systolic elastance (Ees) was calculated from the end-systolic pressure-volume relationship during abdominal aortic occlusion.
Tissue Collection and Histology
Following the functional measurements the heart was excised rapidly and placed in 500 mM KCl for morphological analysis. The wet weight of excised hearts was determined. Atria were removed, and the wet weight of the ventricles was taken. The ventricles were then cut in cross section midventricle. The apex portion was fixed in 10% formalin for trichrome staining, and the base portion was mounted in cutting medium for immunohistochemistry to facilitate capillary and myocyte visualization.
Fibrotic Tissue in the LV
The formalin fixed apex of the heart was mounted in wax, sliced, and rehydrated before trichrome staining was performed. Images of the slide mounted sections were visualized with a Nikon E-400 microscope and (Nikon Instruments, Melville, NY) and acquired using a SPOT Insight digital camera (Diagnostic Instruments, Sterling Heights, MI). Fibrotic tissue was quantified as percent of LV tissue using Metamorph software (Molecular Devices, Sunnyvale, CA).
Capillary-to-fiber Ratios
The mounted and frozen base of the ventricles was cut in 5 mm thick cross sections in the midventricle region using a Microm HM 550 cryostat (Walldorf, Germany). Sections were dried overnight before being rehydrated in Tris-buffered saline (TBS). Endogenous peroxidases were blocked by 2 min incubation with 1.5% hydrogen peroxide diluted in methanol. Nonspecific binding of antibodies was reduced by incubation in 1% horse and 1% goat serum for 1 h before antibodies were applied. In addition all antibodies were diluted in 3% horse serum in TBS. To visualize capillaries an anti-CD31 (BD Pharmingen, San Diego, CA) primary antibody (1:100) was applied for 1 h followed by 1 h incubation with biotinylated anti-mouse (Vector Laboratories, Burlingame, CA) secondary antibody (1:100). DAB (Vector Laboratories) was applied for 4 min to stain the CD-31 antibody-bound capillaries. To visualize the myocyte borders an anti-caveolin-3 (Abcam, Cambridge, MA) primary antibody (1:100) was applied for 1 h, followed by biotinylated anti-rabbit (Vector Laboratories) secondary antibody (1:100). Nova red (Vector Laboratories) was used to visualize the caveolin-3 antibodies bound to myocyte borders.
Myocardium in the interventricular septum, dorsal wall, ventral wall and outer wall were photographed at a ϫ40 magnification. Fields selected for these photos were those in which the fibers and capillaries had been cut in cross section (32) . Metamorph software (Molecular Devices) was then used to measure the area of all fibers in the field that were clearly defined. Capillaries with an area of Ͻ200 m 2 were not included in average area. The number of capillaries contacting each one of these fibers was then counted. The average number of capillaries per fiber and the average number of capillaries per square micron were calculated.
Data Analysis
Results were expressed as means Ϯ SE. Two-way analysis of variance (ANOVA) was used to evaluate all data for differences betweens strain and age. For data taken at only one time point one-way ANOVA was utilized. For end systolic and diastolic volumes and pressures measured by the MPVS-400 system a Mann-Whitney rank sum test was performed to compare 18 and 36 wk values. Ees was analyzed using Dunn's one-way ANOVA. With all statistical analysis differences between groups and/or ages were considered statistically significant when P Ͻ 0.05.
RESULTS
Verification of Hypertrophy
Wall thickness measurement by echocardiography. To determine the time course and severity of the hypertrophy in the SS-16 BN /Mcwi rat, ultrasound measurements of LV wall thickness were performed as rats aged from 7 to 36 wk of age. (Fig. 3) . The SS-16 BN /Mcwi rats also had higher systolic (SBP) and diastolic blood pressure (DBP) than the BN rats at 18 and 36 wk of age. Blood pressure did not increase significantly in any of the strains between any of the time points. When 40 g⅐kg Ϫ1 ⅐min Ϫ1 of the ␤-adrenergic agonist dobutamine was administered intravenously for 4 min %FS increased in all groups (Fig. 4, A and B) . No difference in the %FS response was observed in any of the strains at 18 wk of (Fig. 4C) . The SS-16 BN /Mcwi MAP was also had higher than that of the BN at both time points. Baseline MAP did not change between 18 and 36 wk in any strain.
After 4 min of 40 g ⅐kg Ϫ1 ⅐min Ϫ1 dobutamine infusion MAP dropped dramatically in all three rat strains (Fig. 4D) . The differences between the MAPs in the three strains were diminished in the presence of dobutamine at both ages. Aging did not impair the ability of dobutamine to reduce blood pressure in any of the strains.
Heart rate (HR)was also measured at baseline (Fig. 4E ) and after 4 min of dobutamine infusion (Fig. 4F) BN /Mcwi and augmented in the BN (P ϭ 0.11). The SS/Mcwi rats saw a large drop in CI during this time period suggesting that they may be transitioning to heart failure ( Fig. 5B) .
Stroke volume (SV) (Fig. 5C ) and HR (Fig. 5D ) were used to calculated CI. SV was lower in 18 wk old SS-16 BN / Mcwi than the two parental strains though this was not statistically significant. This is the primary reason that CI is so low in the consomic animals at this age. At 36 wk of age there is no difference in SV between the three strains, with the SS-16 BN /Mcwi and BN rats showing a significant increase from 18 wk of age. This was primarily the result of significantly increased end-diastolic volume with age. A significantly reduced HR between 18 and 36 wk of age in the SS/Mcwi contributed to a significantly reduced CI during this time period. Cardiac changes to structure and function determined by pressure-volume loops. None of the strains exhibited changes in end-systolic pressure between 18 and 36 wk of age. In the SS/Mcwi (Fig. 6A ) the entire pressure-volume loop was dramatically shifted to the right. The 36 wk end-systolic LV volume (ESLVV) more than doubled the 18 wk volume, suggesting systolic dysfunction and dilated heart failure may be occurring. The BN rats (Fig. 6C ) also experienced a significant increase in the ESLVV, though the rightward shift of the loop was minimal compared with the SS/Mcwi. The SS-16 BN / Mcwi (Fig. 6B ) exhibited no increase in ESLVV, suggesting absence of LV systolic dysfunction at 36 wk of age.
The Ees of the LV was also measured in 36 wk old rats during abdominal aortic occlusion. Ees is the slope of the end-systolic pressure volume relationship, and it represents the stiffness of the LV at end-systole. A higher Ees indicates better systolic function of the LV. Despite the large increase in ESLVV the Ees in SS/Mcwi rats (n ϭ 4, 0.78 Ϯ 0.11 mmHg/ ml) was not statistically different from SS-16 BN /Mcwi rats (n ϭ 5, Ees ϭ 0.40 Ϯ 0.09 mmHg/ml). The aged SS/Mcwi rats were able preserve systolic function by increasing end-systolic stiffness even though they showed systolic dilation. In contrast, the Ees of BN (n ϭ 7, 0.23 Ϯ 0.02 mmHg/ml) rats was significantly lower than that of SS-16 BN /Mcwi rats.
LV Histology
Capillary and fiber distribution. Inspection of sections of stained LV myocardium suggested an increase capillary density in the myocardium of the SS-16 BN /Mcwi rats compared with the parental strains (Fig. 7A) . Quantitative analysis of the images revealed no difference in fiber area between the strains (Fig. 7B) , but the SS-16 BN /Mcwi showed a significant increase in capillary number per fiber (Fig. 7C) and nearly significant increase in capillary density (P ϭ 0.06, Fig. 7D ).
Fibrosis. Both the SS/Mcwi and SS-16
BN /Mcwi displayed minimal fibrosis at 18 wk of age (Fig. 8A) . By 36 wk of age the SS/Mcwi and BN rats had significantly increased the percentage of fibrotic tissue in the LV. Both parental strains had nearly twice the fibrosis as the SS-16 BN /Mcwi rats, which did not show an increase in fibrotic tissue with age.
DISCUSSION
In the current study we have identified a consomic model derived from SS/Mcwi and BN rats that is better protected from developing phenotypes associated with age and/or disease-related deterioration in cardiac function than either parental strain. The consomic rat model, in combination with its genetic controls, provides a number of potential advantages over knockout or surgical models of hypertrophy and heart failure. First, and perhaps most importantly, the SS-16 BN / Mcwi rat provides a model of early transient idiopathic LVH that does not progress to heart failure. This model was generated by combining naturally occurring alleles from SS/Mcwi and BN rats. The genetic similarity of the SS-16 BN /Mcwi and the parental SS/Mcwi rat, along with the availability of the chromosome 16 donor BN rat, provide the unique opportunity to characterize both the progression to heart failure in the SS/Mcwi and the identity of genes on chromosome 16 contributing to protection. Unlike knockout or transgenic models, this set of animals could lead to the identification of a unique gene or gene combination that helps to explain the difference between LVH that progresses to heart failure and that which does not. Finally, because the transfer of BN chromosome 16 also normalizes blood pressure, the SS-16 BN /Mcwi provides an opportunity to study LVH in a normotensive strain and understand the role elevated blood pressure may play in the progression to failure in the SS/Mcwi rat. In this study LV morphology and function were measured as the rats aged on a normal (1%) salt diet to determine if the SS-16 BN /Mcwi rat is a model of HCM. We were aiming to create a diet condition that would allow any genetic hypertrophy to be revealed in the consomic rat without causing excessive hypertension induced LVH in the parental SS. By 36 wk of age distinct differences between the strains became apparent. On a 1% salt diet 38% of SS/Mcwi died before reaching 36 wk of age. Any diet with a higher salt content would have increased the progression of mortality in these animals and eliminated the possibility for comparative studies in aged animals.
Our studies found that although 18 wk old SS-16 BN /Mcwi rats have LVH compared with BN, they do not exhibit any phenotypes consistent with HCM such as a progressive inappropriate hypertrophy, reduced LV capillary density (23, 27, 31) , or elevated LV interstitial fibrosis (1, 14, 30 With aging there are changes in cardiac phenotype that are associated with reduced cardiac function. Among those that have been reported in rodents are LVH, dilation, fibrosis, systolic impairment, and impairment of ␤-adrenergic receptor signal transduction (2-4, 6 -12, 19, 28, 33-36) . By 36 wk of age SS/Mcwi rats exhibit all of these phenotypes, which lead to an overall decrease in LV function and indicate the development of heart failure. It is important to note that the age-related changes seen in the SS/Mcwi may be augmented by pathological changes caused by their hypertension.
Despite progressive increase in cardiac mass in all strains with age, only the SS/Mcwi had a significant increase in ventricle/body weight between 18 and 36 wk of age, which resulted from both an increased wall thickness and dilation of the LV chamber. This indicated LVH excessive to what can be attributed to normal body growth in the SS/Mcwi rat. The presence of hypertension in the SS/Mcwi makes it difficult to separate the influence of high afterload on the heart from the influence of the SS/Mcwi genome on the development of age-related phenotypes. However, the data from the SS-16 BN / Mcwi and BN rat can help separate the role of pressure vs. genetic background. For example, the aged normotensive BN rats displayed some of the age-related cardiac phenotypes including increased LV fibrosis, reduced baseline fractional shortening, and impaired systolic function (Ees), suggesting that elevated pressure is not required for these phenotypes to develop in this model.
The only age-related phenotypes observed in the SS-16 BN / Mcwi were LVH and dilation. The SS-16 BN /Mcwi rat was protected from systolic dysfunction and pathological LV remodeling that occurs with aging despite exhibiting early idiopathic LVH (from 8 -10 wk) comparable to that of SS/MCWi rats. These phenotypes demonstrate how the unique combination of SS/Mcwi and BN genes in the SS-16 BN /Mcwi rat produce a resistant phenotype despite susceptibility to agerelated deterioration and/or disease in both parental strains. This may be due to complex gene interactions between a gene or genes on the substituted chromosome and the rest of the genetic background.
It is usually assumed that chromosomal substitution between a diseased and nondiseased strain will result in one of the following: 1) complete rescue of the disease phenotype indi- Together, these data suggest that phenotypes of LVH, cardiac function, and heart failure are complex polygenic traits and highlights the value of using consomic models to unravel their genetic causes.
Although it is difficult to speculate on the identity of the particular gene or genes on chromosome 16 that produce the observed phenotypes, several blood pressure quantitative trait loci have been reported on rat chromosome 16 (15, 25, 26, 29, 32) . Further evidence that chromosome 16 contains genes that impact blood pressure and cardiac size came from a study by Moujahidine et al. (25) . They reported that a congenic rat with Dahl S background and a segment of Lewis rat chromosome 16 showed significantly reduced blood pressure compared with the Dahl S rat. They also reported correlations between chromosome 16 congenics and increased heart-to-body weight and left ventricle-to-body weight ratios.
Together, these data indicate that the SS-16 BN /Mcwi rat is a valuable model for investigating regulation of blood pressure and cardiac function with aging. Even in advanced aging BN chromosome 16 is capable of protecting the SS-16 BN /Mcwi rat from developing hypertension and heart failure. 
